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THE PROPERTIES OF TiNi AND ASSOCIATED PHASES

by

W. J. Buebler and K, C. Wiley

ABSTRACT: A new class of alloys based. on the ductile intermetallic
compound TiINi and associated phases TioNi, TiNi3 was investigated. These
alloys, referred to as the "Nitinol" series, are non-magnetic, corrosion
resistant and hardenasble (Ly suitable composition and treatment) wp to
& Rc.

The most phuse-pure TiNi composition was found at about 54.5
‘percent nickel,. by weight. This composition (body-centered cubic erystal
struct.\}:re) possessed gnod room temperature ductility and a moderatcly bhigh
melting point, about 1300°C. The room temperature mechanical properties
of the pure TiNi phase (hot worked) indicated a maximum ductility of 1%
percent tensile elongation and up to 28 ft-lbs impact strength. An
ultimate tensile atrength of 124,000 pai was also measured.

Hot hardnesc xwas:esents revealed a secondary hardening peak,
in the rapid cooled TiRi siloys, between L27-482°C. Desed—gpon-these-dotw
TiNi appears to have usable strength up to about 649°C.

TiNi-base alloys, vith excess nieite]l added, were capaple of being
bardened by quenching. GQuenched hardnesses as high as &2 R¢ were obtained.
They showed a marked improvement in hot bardness over the predominantly
phase-pure TINi at temperatures up to 482°C,

Investigations into the 'viNi alloy containing 54.5 w/o Ni
revealed some ‘mmusual mechanieal: vibration damping pi.perties. At roomm
temperature the alley had a very high damping capacity, upon heating to
temperatures slightly in excess of room temperature the demping capucity
u_rkodly decressec.

Magnetic susceptibility measurements cover a wide temperature
range showed the raterial to be paramagoetic witk a permeability approaching
unity {1.002).

U, S, NAVAL ORDNAKCE; uABORATORY
White Oak, Silver Spriug, Maryland
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This material offers a potential soiution for many troublesomz non-
magnetic naterial applications where low permeability, strength, harduess,
fabricability, and corrosion rudl abrasion resistance are a problem, It
appears particularly useful us u material for nop-magnetic tools in mine
disnozal applications and in vorious components of magnetameters, mine
laying and servicing craft vhere the above characveristics are required.
Its corrosion and abrasion resistan:e suggests its use in £:08 ~ud chemical
processing industries. The improvel low temperature (-80°C) impact
strength values (43-79 percent increase over room temperature)suggest the
use of TiNi-base alloys as cryogenic materisle, The marked changes in
daxoing characteristics with temperature indicates s possidle application
of TiN{ in temporature sensing devices.
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This report describes the mechanical and physical properties of the inter-
metallic compound TAKi and TiNi-base alloys. This system was examined as
a basis from vhich a high temperature material could be prepared.
Investigative work in this direction vas performed under FR-~T - Inter-
metallics, Budepe Task Intermetellic Compounds - RRMA 02009/212 1/R007

06 00}, and as a non-magnetic tool material for ordnance disposal under
FuWeps Task RUUD-3-E-231/212 1/F008-12-002.

W, D, COLEMAN
Captain, USN
Commander

o - Maganet/

L. R. MAXWELL
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TAE PROPERTIES OF TAN1 AND ASSOCIATED PHASES
INTRODUCTTON

An "Intermetellic Compouni” is a metallic alloy material quite
difficult to define. Ths Bth edition of the Metals Handbookl defines an
Intermetallic Compound generslly as "Az “n*ermediate phase in an alloy
system, having a narrow range of howogeneity and relatively simple
stoichiometric proportions, in which the nature of the atomic binding can
vary from metallic to ionic.” Others?s3 have indicated that to classify
intermediate phases as intermetallic compounds requires that identical
kinds ol atoms occupy identical points on the lattice. Further, on the
point of a narrov homogeneity range, one author3 states that in many alloy
systems intermediate phases are found in which the composition varies over
such a narrov range that no difference can be detected experimentally; such
phases are usually called intermetallic compounds. Compounds of this latter
type generally correspond with a reasonably simple whole number ratio of
constituent atoms. It should be noted, however, that in a great majority
of cases the formulas of intermetallic compounds do not agree with those to
be expected from the normal valency principles.

In order to study intermetallic compounds for structural applications
the suuject investigators have adopted & slightly modified and less rigid
definition of an intermetallic compound, Like Westbrook'* this investigation
considers "all intermediate phases in binary and higher order metasl systems
vhether ordered or dipordered.” With this flexibility in definition
systems for study were chosen where the compound exists over a range of
chemical cozmposition, such as TiNi, NiAl, T1iAl, etc.

Intermetallic compound alloys have for some time been recognitzed to
possess certain unususl physical and mechanicel properties; examples are
the ability of .ome to act as semiconductors and othmrs to Tesist losing
their strength at high homologous temperatures {T/Tu-p.).

During the past ten years a iremenduus amount of research has been
conducted on various intermetallic compounds for use as semiconductors. In
this application it is important to create a near perfect covalent bond
between the atoms of the two elements uged. -many of the semiconducting
compounds are formed by combining eclemevis from Group III of the periodic
table (three valence electrons) with elemer.: “rom Group V (tive valence
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electrons)e The resultant compound will then have an "average" of four
electrons per atom, and it can be expectad to have semiconducting
properties,

Although uany compounds maintain their strength to bhigh homologous
temperatures, extreme brittleness at room temperature hag limited their
structural usefulness tc a role of minor strengthening constiiuents in a
more ductile matrix metal or alloy. E:oeause of this brittleness problex
1little attentica was given to Intermetallic compound-base materials for
structural use until recent years., At this time s number of investi-
gatorst»5,6:7:8 vegan looking at the structural potential of intermetallic
ccupounds in general and NiAl in perticular. The latter compound was
considered seriously for application in the hot turbine section of gas
turbige wircraft engines.

This present investigation was initiated because second-generation
missiles and spacecraft are expacted to require materials of higher
strength and lighter weight capable of operating at very high temperatures.
Initially the program was oriented in the directiom of uncovering or
developing intermetallic compounds or intermetallic compoundsbase materials
wvith suitable room temperature ductility. Toward this end a binary alloy
constitution 1nvent13.tion9 and some preliminary alloying experiments were
performed. The results of this work showed that the compound TiNi possessed
unusual ductility at room temperature for a compound wvith a moderately high
melting point. A program was then initiated to investigate the Ti-Ni alloys
in the TiN{ howogeneitly range. As a result of this study a series of new
engineering alloys based oo the TiNi phase composition were uncovered
shoving many remarkable and unusual mechanical ani physical properties as
shown in Table I, The report tnat follows describes in detail the studies
performed on TiNi and the related compounds of TioNi and TiNi3.

FRIOR WORK ON TiNi COMPOUMD ALLOYS

Much of the prior investigative study on Ti-Ni alloys, in the equi-
atomic composition ranze, was concerned with deterrining the ciastitution
of these alloys. The original and alternative constitution diagrems for
the T1-Ni alloys are given by Hansen?, The major disagreement between
thase diagrams occurs in the TiNi phase field. These areas of major
disagreement are shown in Fig. 1.

Duves and Taylori® investigated intermediate phuses in alloys of
titenium with iron, cobalt, and nickel. In thece studies they confirmed
the existence of a CsCl type cubic structure in tt= equi-stomic alloys,
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TABLE I

SUMMARY OF PROFEKTIES OF TiNi PHASE ALLOYS

PHYSICAL (55.) w/o Ki-T1)

Density (25°C), gr/cm3 €.

# Melting Point, °C 1240-1310

* Melting Point, b J 22642390

* Crystal Structure Cs C1 (B.C.C.)
# Lattice Paremeter, £ 3,015
Electrical Resistivity (25°C), microhm-cm ~ 80
Electrical Resistivity (900°C), microhm-cm ~v132

Linear Coef. of Expansion (24-900°C), per °C 10.% x 10-6
Recrystullization Temperature, °C 550 - 650
Magnetic Permeability <1.002

Magnetic Susceptibility (mass, X , -196 to 550°C) 5.-9. x 10°6

55.1 w/o Ni

MECHANICAL
54.5 w/o Ni

Ultimate Tensile Str., psi 110,000 - 124,000
Yield Str., psi 40,000 - 55,000
Young's Modulus, psi 11.2 - 12..8 x 106
Tensile Elongation, % up to 15.5
Reduction in Area, % up to 16
Hardness, Rockwell-A 4252
fmpact Str., ft-lbs

24°C (room temp.) 28

-80°c ko
Modulus of Rupture, psi -
Mod. of Elas, (Trans, Bend),psi -
Hot Hardness#*, D,P.H.

25°C (room temp.) 230

260°c 215

463°C 230

593°C 65

69°c hs

82,000 - 140,000
33,000 - 81)“
up to 11.8 x 10
up to 10

65-68

24
43
216,000
11.3 x 20°

330
230
295
95
50

()
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TABLE I {continued)

ENVIRONMENTAL

Oxidation Resistance (sample wt. a 6.5 grams)
wt geip, in air, 1 hrs at 600°C
vt gain, in eir, 10 hrs at 800°C
wt gain, in air, 10 hrs at 1000°C

Corrosion Resistance
Salt spray (20% soln, 95°F, 96 hrs)
Sea water
Normal air atmcsphere
Normal handling

N1-RICH TiNi (60 w/o Ni-Ti)

Hardness, Rockwell«C

quenched

furnace cooled, from 900°C
from 800°C
from 700°C
from 600°C

% Data obtained from published licerature

#* Specimens rapidly cooled prior to testing

0.0015 grams
0.023 grams
0.10 grems

faint whitish deposit
Nil
Nil
Nil

35
38
ko
59
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through X-ray diffraction measurements. Most significant was the discoveuy
that prolonged heeting (10 days), at both 800°C and 650°C, of powdercd TiNi
alloy in a sealed evacvated quarts tube resulted in the TiNi phase decom-
posing into Ti2Ni and TiNi3 . From this, the TiNi phase was considered by
Duwez and Taylor to be stable only at high temperatures, with the critical
decomposition tsmperature being about 800°C,

Based upon X-ray diffractometer :cane made on neated TiNi alloy
filings, Poole and H\mea-notheryu were in agreement with Duwez and Taylor
that TiNi was an unstaeble low temperature phase and would decompose into
TioNt end TiNi3 if heated for a prolonged period of time at about 600°c,
Short-time treatments only served to yileld a diffuse Xeray pattern of the
CsCl type, probably due to a partially decomposed TiNi phase.

Margolin et a1l2 vorking with arc-melted alloy buttons of the TiNi
alloy camposition in lieu of powdered samples were unable to detect the
decomposition of the TiNi phase even when heated above and below 800°C.
This contradictory finding left the ambient temperature existence and
stability of the TiNi phase somewhat in dcubt,

In addition to the phase equilibria work dome by the above investi-
gators, Philip and Beckl3 investigated the ordering into a CsCl structure
of alloys composed of the transition elements. In sddition to TiINi the
equi~atomic compound alloys of TiCo and TiFe were studied by X-ray
diffraction techniques. It was found that the lattice parameter of TiFe
(2,976 + 0,00if) vas smaller than that of TiNi (3.015 % 0,001 &) with
TiCo (2.991 + 0.00%. R) falling between the two. In accordance with the
usual atomic redii of the elsments concerned, Philip and Beck expected
the lattice parameter of TiNi to 2e smallest, with TiFe possessing the
largest lattice parameter. This anomaly caused the investigators 3 to
conclude that the A-B bond in TiFe is sirvonger than that in TiNi, with the
bond strength of TiCo falling between these extremities. In connection
vith the ebove bcading behavior TiFe was outwardly hard and brittle, while
the TiN{i material was noticeably softer and less brittle,

Further corroboration of the ordered nature of TiNi at ambient
teaperatures was obtained by Pietrokowsky and Youngkinl*. In their work
taey observed only one diffraction maxima (100) associated with long range
order in TiNi. However, they considered the order structure evidence
strong since Ti2Ni and TiNi3 do not produce constructive interference at
the (100) angle of the TiNi,
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Ti-Ni CONSITTUTION STUDIES

Recognizing the uncertainty existing concerning the constitution of the
titanium-nickel system in the TiNi area and baving found that alloys of
TiN{ intermetallic composition were ductile at ambient temperatures
stimulated further investigation into the constitution of thuis systienm.
Alloys of the TiNi composition {55.06 w/o N1) left several unsnevered
questions, the main one being whether TiMi iz a stable room temperature
phase or does it in fact decownose intc Ti-Ni and TiNi, at temperatures
below about 830°C. From preliminary work om these individual latter phases,
they were found to be hard, abrasion resistant, and brittle at rocm
temperature, Therefore, the problem to solve was whether the stoichiometric
TiNi phase was ductile or vhetber ihe product produced by ihe coexistence
of the two known hard and brittle phases of TioNi and TiNi3 was in fact
responsible for the ductile behavior.

With this as background a constitution investigation was begun dealing
vith the Ti-N1 alloys from 33 to 75 a/o Ni, with special interest focused
upon the TiNi phase homogeneity range (about 48 to 52 a/o Ni). Several
approaches were employed: These include X-ray diffraction, internal
friction, metallography, electrical resistivity, hardness, magnztic
susceptibility, etc. Since the findings of these various research studies
are closely inter-related, each study will be firat described as a separate
entity, then the salient features of these data will be discussed as they
apply t¢ a more complete understanding of the cverall Ni.-Ti alloy phease
equilibria picture.

1. X-rey Diffraction Studies on 50 to 60 w/o Ni-Ti Alloys

Initially, in this porticm of the investigatiom, it was of pera-
mount importsnce to determine vhat phase existed at room temperature for
the stoichiometric TiINi composition, calculated to be 55.06 w/o Ni. To
this end an arc-melted and hot swaged rod of thz TiN{ composition was
prepared. To ottuin a suitable X-ray specimen the rod was filed to produce
moderately fine particles. These particles were annealed in dry argon gar
at about 1000°C for 1.5 minutes. This hoat treatment was desigued. o
eliminate stresses introduced during fili:‘.i. The above sampling technique
is similar to that used Ly Philip and Beck 3 and Poole and Hume-Rothe .
X-ray diffractometer scans were made at room temperature as described in
detail in Section I of the Appendix, The resultant X-ray pattero cevealed
an almost completely two-phase material containing TigNi and TiNi3 in about
the propor proportions to satisfy the alter-stive phuse diagram given 1in
2'18. 1.
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Recognising the adverse effects of the filing operation upon the
above X-ray results, there wes still doutt about the identity of the true
room temperature phase, Subsequent metallography (Figs. 2 and 3) and
mechanical property studies cast further doubt on the vaiidity of powder
specimen -ray resuits for this alloy.

A series of new 15 gram Ni-7i alloys were prepared cs described in
Section II of the Appendix. Thes2 alloys varied in camposition from 5C to
60 w/o Ki at about 24 increments. X-ray diffracticn scans were made on the
carsfully prepared flat bottom surface of these alloy buttons. X-ray
diffroction date pertaining to phese and quantiiy of phase were cbtained
on the alloys in the "as cast” and four other heat treated conditions. The
entire assemblage of data is presented in Fig. 4, From observing Fig. L,
two tuings are immediately apparent; tirst, the most phase-pure composition
appears to fall slightly below 55.1 w/o Ni (calculated stoichiometric
TiN4 alloy), secondly, in the alloys containing in excess of about 54 w/o
Ni the three phases TiNi, Ti,Ni and TiNi3 can coexist, contradicting the
"phase rule” for equilibrium alloy systems. Prolonged heating at 750 and
800°C seems to have little effect in stimulating more equilibrium status
to these higher nickel alloys. These data of Fig. b are further plotted
in Fig. 5 as "average quantity of coexisting phases in percent” as a
function of "weight percent nickel.” From a close comparisan of the phase
equilibria existing in these alloys with the two versions of the Ni-T4
constitution diegram (top Fig. 5) it can be seen that the Ti-rich alloys,
those containing less than 52 w/o i1, appear to follow the version showing
the TiNi disscociating into TioNi and TiIN!3 at the lower temperatures. On
the other hand, th» alloys containing Ni in excess of 54 w/o tend to verify
the existence of th: TiNi phase at room temperature. As the nickel content
increases there is an expected increase in the amount of TiNi3 phase,

The X-ray diffraction studies on arc-melted monolithic specimens
corroborates the findings of Margolin et a1l ang Pietrokowsky and
Youngkinll‘. The TiNi pbase can exist in a stable or metastable form at
Toom temperature. In the case of the filed particles, work is apparently
introduced which affects the energy balance and with the aid . the high
temperature anneal promotes the TiNi phase decomposition.

Concurrently with the Xeray diffraction studies on the Ni-T4
elloys it vas found prineipally through hardness and vibration damping
that the alloy containing Sk.5 w/o Ki-Ti possessed scme unusual properties.
The nature of these property anomalirs- will be deascribed in more detail
in their respective sections of this report. In viev of the adove
findings same X-ray diffraction studies were initir:ed ea %2 54.5 w/o
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Hi-T4 alloy. Fig. 6 shows a series of diffractometer scans mmde on the
5k.5 w/o N4 alloy vhen given various temporature treatments. The
diffractometer patterns in thie figure encompass the principal TiNi phase
veflections and were scaled to meke the main TiINi pesk equivalent height.
Through careful odservation of ‘he series it can = seen that at rom
texperature (panel A) only a very minor amount of excess pbase(s) exists in
an alloy of this composition, indicatfug that the stoichiometric TiNi
composition may lie closer to 5k.5 w/o Ni than the calculated 55.06 w/o N1
composition. Irdications of same existing excess phase(s) are shown as
minor peaks at about the 26.5 and 20.5° angles. In panels B and C of

Pig. 6 the alloy is hested. With the incrsssed tcaperature these
extraneous peaks ave lessened to the point of almost complete elimination.
As a result, it can be seen that with very minor temperature increases the
TiNi poase is made more phase-pure. This is accomplished at the expense
of eliminating Lie extraneous phase(s). Precisely vhat the other phase(s)
are remains in some doudbt due to the reflection interferences produced.

Following the heating studies, the ssme 54.5 w/o Ni-Ti alloy
button was cooled below room temperature. Fig., 6, panels D, E and F,
show the rasultant strengthening of the extraneous phase(s). After being
at -10°C the sample was wvarmed rapidly to room temperature. Peanel G shows
the alloy maintaining much of the =10°C phase equilibris upon its return
to room temperature., In order to return to the normal rocm temperature
phase equilibria the sample was placed a short time in bdoiling vater. Upon
cooling to room temperature the diffractometer scan shown in panel E
resulted., This prattern is very aimilar to the original room temperature
pattern (panel A). Cooling in liquid nitrogen at -196°C and returning to
rooa temperature prcduced the pattern in panel I. Here the extraneous
phase(s) are becoming very proncunced. Again, as before, this low
temperature phase equilibria is removed by boiling in water as shown in
panel J.

In preparing the 54.5 w/o Ni arc-melted button X-ray sasple,
polishing followed by deep etching was t~ied in-order to minimize
Jrientation effects. ™is treatment produced the extremely unasual
results shown in Pig. €, panel X, The deep etching alone or in combination
with the surface polishing cauced a partial dissociation of the TiNi inte
Tiz41 + TiNi3. Calculations based upon X-ray pover input, wave lengih,
etc., revealed that the depth of penstration was between 0.0015 and 0.0075
inches. Thus, in the surface of the specimen, to a depth of 0,0075 inches,
much of the TiNi phase was dissociated by the locailzed effent of the
etchant, in this case a solution of HNO3 and HF scids, It 1s the belilef
of the investigators that this exampie of TiMi derc~pnsiticy and that

12
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produced in the aforementionsd arnvealed TiNi X-ray filings and the
aartensite-like structure seen in Figs. 2 and 3 are ull related to the
same structural mechanism. However, limited investigation precludes
further discussion cn hew or vhy the TiW1 decomposiiion occurs under the
above stimuli.

The above transforma:ion, due to polisbing and dcep etching or
etching alone, may point up sume practical engineering spplicaticas. Since
TiZNi, ore of the major phases produced Uy the TiNi transformation, has an
smbient tesmperature hardness of about &) 9.P.H. (about 55 Re) its presence
in the outer surface would act as a surface hardener. TiNi and TiNi3 both
possess hardnesses in the thirties on the Ro hardness scale. As a reeult,
the above may be a potentisl method of preferentially hardening sll or
parts of the surface of a softer and tougher core TiINi material without
subjecting any part of the TiNi material to heating.

2, Internal Friction iguslitstin Studiu!

During the arc-melting of thin cylindrical bars of the 54.5 w/o
N{ alloy (employing commercially-pure titanium melting stock) it was
noted that when these bars were cooled to room temperature and suspended
freely upon a string they yielded nothing more than a dull thumping
noise vhen struck ¥y a hardened steel bar. The same bars when warmed
slightly (about 120 to 130°F) and similarly suspended rang vhen struck,
Vhen the temperature in the TiNi bar was incressed to a value in excess
of 160°F (T1°C) and the bar struck. jt rang brilliantly. This initisl
experiency with ths temperature-sensitive mechanical vibration damping of
the TiNi-lase alloys opened tb~ way for aaditional internal friction studies,

Initially, the vibration demping was studied by the qualitative
acoustical technique of striking the freely suspended bar specimens., Ni-Ti
alloy bars varying from 52.5 to 58 w/o Ni, with special emphasis on
compositions in the 54.5 w/o N1 range, were arc-melted. The resultant
alloy bars were tested over a temperature ranze from atout -80°F to
350°F (-62 o 1'T°C). The sound produced by striking was categorized into
five grouvs. These data were plotted in Fig. 7. In this figure tentativ:
boundaries were established, The most significant fact is the narrow and
distinct transition temperature range in the 54.5 w/o Ni alloy. Increasing

-or decreasing the nickel content widens this temperature range.

Subsequent acoustical studies performed on 54.5 w/o Ni alloys,
prapared from titanium melting stock of varying purity, preduced markedly
differsnt results. It was found that irc. .'iitions up to about 0.1 w/c
tended to maintain the damping to non-damring “ransition cle-er to romm

17
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temperature.

Scme of the seme alloys 54, 54.5 and 55.1 w/o Ni were hot swaged
at 900°C into uniform but smaller dlameter bara, As in the case of the
erc~canl bars, these wrought bars were suspended and struck at various
temperasture levels., The resulting data are presented in Fig. 8. Comparing
Figs. 7 and 8, it 1s apparent that hot working the arc-cast bars has served
to widen the transition temperature range {-om high to low damping.
Prelininary neutron diffraction studies revealed that in the course of hot
vorking some additional extraneous phase(s) were precipitated in the TiNfi
wmatrix, indicating some relationship betwecn TiN{i phase purity and the
resultant damping properties. Another possible cause of the transition
temperature change may bte explained by VanBuerenls, quoting others, wuo
have noted grein boundary relaxation effects that were ‘raceable to changes
in grain size,

Some interesting relaxation effects were discovered in cooled
arc-cast bars containing 54.65 and 54.8 w/o Ni., As above, the sound
produced by striking vas used as a criteria to determine the existing
internal rriction in the materials at various temperatures. It was found
that a 54.8 w/o Ni alloy rang brilliantly at roam temperature. Upon
cooling to =15°C any trace of a ring had disappeared. With varming to room
temperature (25°C) the ring was of considerably lower quality than
originally experienced at thais temperature. Continuing tc heat to 45°C
restored the brilliant ring which remained upon cooling dback to room
temperature. Similar effects were noted in the 5%.£5 w/o Ni alloy.

Suspecting the relaxation behavior may be time-dependent, the
54,8 w/o Ni alloy bar wue sgaiu cooled down to -76°C and then varmed to
room temperature. Ninety-two hours at room tesperature were required for
the 54.8 w/o N1 bar to recover its equilibrium sound behsvior.

3. Internal Friction gguantitative Studies)

Internal friction or mechanical damping is thc capacity of a solid
to convert the mechanical energy of vibration into heat even though the
energy losses to its surroundings are negligible. If a metal were able tc
follow a perfectly elastic behavior, thus obeying Hocke's Lav, it would Ve
able to vidbrate or be subjected to stress cycles within its elastic limit
wvithout any loss of enerygy except to the surrounding atmospnere. In this
schese there wculd de no conversion of the energy of vibration into heat
within the metal and consequently no interual friction. The fact that
vibrations are damped out in a metal more ranidly titan the external loss of
energy could possidly account for, indicates .te non~elastic behavior of
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metals rather than a true elastiz one, Of the many processes resnonsille
for internal friction, all generc.ly relate to a phase lag between the
applied stress and the resulting strain. This phase lag may be csused dy
plastic deformation, or if the stress is too low for this to occur, thermal,
magnet’!:, or atumic effects may be responsible. As the damping properties
of a metal are particularly sensitive to tue presence of physical imper-
fections and to the interaction between them, the stuly of internul friction
is quite often applied tovards a betier wuderstanding of the effect and
properties of lattice imperfections in crystalline solids.

Of the meny known methods for meciuring internal friction the
simplest to underatand and easiest to set up is the "Torsiom Pendulum"
method. A schematic drawing of the torsiom pendulus apperatus used 2a
shown in Fig. 9. A wire sample 20 cm long is held on each end by pin
vices. The upper vice is mounted stationary while the lower vice is
equipped with inertial weights which cause it to cct as a torsion
pendulum. Forces tending to promote swinging of the wire wers minimized
by using a steel tipped plum bob and the megnetic field of a permanent
magnet. The latter also served to daxmp out extraneous vidrations. The
entire assembly vas mounted on a vibration damping material, To initiate
torsional movement one of the steel inertial weights vas attracted by
pulsing an eleciromagnet mounted adjacent to the weight. The amplitude
of each torsional swing was measured by observing a reflected beam of
light upon a transiucent scale. This method is auitable for frequencies
from 0.1 to 10 ¢/sec. Although the method is not extrewely sensitive,
the inlerpretation of results is aided dy its simplicity.

I'igures 10 through 13 show the data obtained by the torsion
pendulum nethod when 54.5 and 5.1 w/o Ni composition specimens were
employed. The decrement is obtained by plotting the natural logritim of
the amplitude against the number of cycles of vibration. The internal
friction in all cases was independent of amplitude as straight line curves
vere obtained. The slope of tlie line gives the decrement directly. Tests
vere performed on snnealed vires having dismeters of 0.0206 and .0360%,
drawvn by a technigue described in Sectiom II of the Aryandix. The
frequency was approximataly O.4 c/sec in all instances with a constant
length between the pin vise grips of 20 cm. To avoid disturbances from
air currents the apparatus vas fully enclosed in a plexiglass case.

Fig. 10 shows caly a very minor change in the decrement between
room tewperature ard 200°F for ihe 55.1 v/o Ni alloy wire specimen. Fig.
11 shows the large decrement change obtained for twn yire dismeters of the
5.5 v/o ¥4 alloy at room temperaturs snd 200°F, In this instance there
is a pronounced decrease in the amount of iy .ernal frietion present as
the temperature is raised from R.T. to 200°F. Por the 0.03L" diameter wire
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A - PIN VICES

B - MIRROR

C - PLUMB BOS (steel tipped)
D -~ PERMANENT MAGNET

E - INERT'AL WEIGHTS

F - COPPER HEATER LINER

¢ - GERAMIC TUBE

M — HEATER ELEMENT

| - THERMOCOUPLE

J — COLLIMATED LIGHT BEAM
K -- TRANSLUGENT SCALE

L - TORQUE INITIATING MAGNET
M- NYLON THREAD
N - WIRE SPECIMEN

FIG.9 SCHEMATIC DRAWING OF TORSION PIND.'LUM APPAR-
ATUS FOR MEASURING INTERNAL FR'CTIONM
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only a slight change in frequency { <2%) was measured between R.T. an:
200°F, It was cbserved during tris test ihat increasing the frequency to
above 2.0 cycles/sec resulted in no obssrvable change in the degree of
damping between R.T. and 200°F. The degree of damping therefore appears
to have a frequency dependence acsociated with relaxation type internal
Iriction.

Fig. 12 1llustrates >he effect of time at temperature on the degree
of damping. At the temperatures, ss shovn on the graph, between ambient
and 200°F, pronounced changes in the decrement were observed. The five
minute time period appeared %o be c¢ritl .zl for the transitiom to occur.

Also of interest is the sudden increase in damping after oue minute ot
104°P, The demping rate appears to stabilize after ten minutes at
temperature and is progressively lowered witl increasing temperature.

Pig. 13 1llustrates the effect of temperature upon the degree of
damping as shown by the change in the decrement. At 200°F, the damping
rate is noticeadbly less than at room tempersture. The most pronounced
change in the damping rate is evidenced between S4°F and 134°F. This
shows a marked similarity to the data-obtained on the materisl in the as-
cast condition, as tested acoustically.

4, Electrical Resistivity

The relationship of the flow of electricity with the existing
structures and temperatures has been fairly well established by previous
mnntigatoru.l Electrical resistivity measuremsnts provide a sensitive
means of ntudying atomic structursl changes occurring within a metallic
system. 7This technique was aprlied to the investigations of the TiNi
alloys (54.5 and 55.1 w/o Hi). A camplete description of the poly-
crystalline specimens used and testing apparatus is given in Section III
of the Appendix,

Through electrical resistivity studies it was hoped that infor-
mation would be obtained that would shed some «dded light on the existing
phase-equilibri. and the long-range ordering of this allcoy syatem. Since
resistance to the flov of electricity is dependent upom the scattering of
conduction electrons, it follows that i more perfect lattice of an
ordered, single phase, homogeneous, steichicmetric alloy would provide
the lesst resistance to slectron movement. With this thought in mind,
three separate eclectrical resistivity measurements wvere made. These were:

a: Electrical resistivity as & function of test temperature,
over the range fram =70°F to 210°F (=57 tr ,9°2
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b. Electrical resistivity as 4 function of test temperature,
from room temperature to 900°C

c. Blectricsl resistivity (at room temperature) as a function
of quenching *smperature,

Electrical resistivity data, for a Lot rolled and a:: unnealed
5k.5 w/o Ni alloy at test temperaturus between about -70 and 210°F is
given in both Fig. 14 and Teble II. Observing Fig. 14 it becomes apparent
that there is a hysteresis effect produced by cycling the temperature from
the starting point of 72°F (22°C) tov 210°F (99", down to a temperature
belsw «60°F (-51°C) and back to room temperature. The greatest resistivity
change occurs uptm cooling in excess of -60°F (-51°C) and warming to room
temperature. This result is not surprising in view of the X-ray
diffraction detection of extraliecus phases precipitating at sub-ambient
temperatures, shown in Fig. 6. Table II is -given in addition to Pig. 1k
to indicate the time periods iavolved in measuring the resistivity values,

It can be seen that vhile eight hours was used in going from
-€0°F (-51°C) back to ambient, in this comparatively short warming time the
extraneous (lov temperature) precizitating phases had insufficient
opportunity to revert back to the metastable TiNi form. It can also be
seen in Fig. 14 that the change in phase-equilibria is accompanied by a
general decrease in the slope of the wvarming curve from -60°F (-51°C)
to room tewperaturs. As room temperuture is approached, following cooling,
reversion of the extraneous phases back to the TiN{i form take place. This
ls corroborated by the reversion of the stb-ambient temperature X-ray
diffraction patterns to the normal room temperature X-ray pattern vhen the
specimen vas warwed slightly, ~ee Fig. 6, parts ¥, G,H, I, and J.

Tig. 15 and Table III give resistivity data on the 55.1 w/o N
alloy vhen hested in an inert atmosphere at temperatures up to 900°C
(1652°F). ‘fhe data were too scattered to be capable of interpretation.
About sll that could be concluded from Fig, 1.5 is the resistivity
increasas vith increased tempersture and at 900°C 35 about 127 mierohm-cm.

The las* attempt -at using electrical resistivity measurenents to
divulge information wbout the TiNi system was done at room temperature on
guenched spocilasns. The 1dea behind quenching TINY strip specimens
hested to verious temperatures sias to arrest or preserve the dynamic
equilibria existing at the quenching temperaturs hetwsen ordar and
disorder, vnd msasure this juantitatively at room temperature. Strips of
the 55,1 w/o Wi composition were used, Four strips in all were used, two
furnace cocled from 593°C (1100°F) and two other: 1: an air cooled
cendition from hot rolling at 700°C (1292°F)., Wich vhese initial
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TABLE IT

ELECTRICAI, RESISTIVITY DAT.. FOR HOT ROLLED¥
54,5 w/o Ni.Ti ALLOY AT TEMPERATURES ARCUND ROOM TEMPERATURE

Test
Temparature, °F

Rest stivity
Micyvohm-cm

Approximate
Test Time, Hr,

Remarks

72 (229C)
86 {300G)
110 (439C)
120 (490C}
130 (540C)
140 (60°C)
150 (650C)
170 (749C)
191 (880C)
210 (999C)
178 (819C)
139 (599C)
115 (46°C)
72 (220C)

75 (249C)

66 (190C)
55 (13°C)
45 (79C)
35 (29C)
23 (-59C)
15 (-99C)
5 (..59C)
0 (-i80C)
-10 (-239C)
=20 (-230C)
=30 (.3400)
~40 (.400C)
-60 (-51°C)
-604(-519C)
-60 (-51°C)
.50 (-459C)
40 (.400C)
=30-(.349C)
-20 (.299C)
-10 (-239C)
0 (.180C)
15 (-99C)
23 (-50C)
36 (29C)
46 (89C)
58 {149C
66 (19°C)
76 (24°C)

84,96
85,40
86,86
87.61
87.94
88.88
89,17
89,69
20,62
91,26
89,99
88,95
88.46
89,99

86,45

86,28
85,78
84,90
84,57
83. 20
82,76
80,76
80,30
79,82
78Q Sl
77.94
76,99
74,41
73,60
74,06
74,59
74. 67
75,11
75,66
75,90
76,43
76.85
78,2

80. 42
83,11
84,41
86,01

o

32
48

56
72

76
92

L(’curiously high
at room temp,
le-Q after standing
overnight more
in line with
other data

* Hot: rolled at 900 snd 700°C,
folluwed by a furnace cool,

treatment,

30

Heat trescmernc:

1 hour at 30CYC,

Inert atmosphere used during heat
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histories the four strips vere bhrated to various temperatures and quenched.
Electrical resistivity measuremer’s vere made following each quenching
treatment. The resultant data are presented graphically in Figs., 16 and 17.
Observing these figures it can be seen in each case the electrical resis-
tivity resches a peak at about 8G0°F (&27°¢) and drops sharply to a minimum
value at about 900°F (k82°C). Following tiis drop the resistivity again
climby with increared tsmperature, The fact that fow:- separate samples
yielded the game result and tuat the gross change in resigtivity amounted
to about 10 microbm-cm supports the fact that a real change of some type
occurs between 800°F (427°C) and 900°F (L82°C). There still is doudt
whether the order-disorder tiansformaticu (s comfinuous over a range of
temperatures or abrupt. The resistivily data given in Figs. 16 and 17
would indicate an abrupt transformation; however, this is contradictcd by
the X-ray data of Pietrokowsky and Youngkinl and the present tnvestigators
vho detect (100) ordering reflections from all samples of TiNi.

Since the ordered structure should provide the least resistance to
current flov it would appear that minor ordering, perbaps short rauge
ordering (or anti-phase domains), occurs at all temperature levels from
belov room temperature to about 800°F (427°C), thus producing the ordered
reflections in the X-ray diffraction scans. However, between about 800°F
(427°C) and 1000°F (538°C) & sharp transition to long range order may be
occurring. Later in the report it will be seen that a secondary-hardening
peak occurs in the hot harcCuess curve of a quenched 55.1 w/o Ni alloy
specimen at 865°F (L463°C), placing this phenomena in the same temperature
range as the abcve marked resistivily change.

5. MNetallography

The initial metallographic investigations into the essentianlly
stoichiometric TiNi alloys were quite startling. In every case the
polished end etched specimens revealed a martensite-like structure similar
to that shown in Fig. 2, This martensite-like structure was particularly
prevalent in the wrought materials. TYollowing the misleadinrg X-ray
diffraction results obtained from Tii f1ilings, which :“owed this phcse
completely dissociated into TioNi and TiNi3, the present investigators
were willing initislly to concede that the structure shown in Pig. 2
(with minor variaticns) may be the true structure. However, sbout this
same time other mechanical and physical property indications made
necessary further investigation into the polishing and etching teehniquec,
Knowing from prior expzrience that the TiNi{-type alloy work hardened
readily, great care vas exercised in the surface polishing procedure, To
sccomplish this, diamond polishing was used. These carefully polished

specimens vere then etched using an etchai. - ntaining concentrated HNO3
and HF in varying proportions with water. Mc:': HF was uced “n ‘he higher
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titanium alloys. This procedure resulted in revealing the truz structure
of these alloys. Fig. 3 is a photomicrogiaph showing the irue base
structure with the wartensite-like worked material covering part of the
surface.

Ewploying the new~found techniques of sample preparation other
metallography investigations were performed. Fig. 18 shows th: cast, hot
rolled, and cold roiled structures obtained in a 55.1 w/o N4 ullcy. The
"as cast" structure of this figure greatly resembles the cast structure
of 8 to 12 w/o Si-Al alloys given in the literaturel?. However, in the
case Of these Si-Al alloys they are tuo-phascd {.\l solid solution 4+
8i1licca) and X-ray diffraction scans on the 55.1 w/o Ni specimen indicates
a predominantly TiNi phase material with minor quantities of TioNi and
T4Zi~ wresent. As a result, in spite of the similarity between "as cast"
TiNi and the two-pbase Al-81 eutectic, it must be concluded the TiNi
structure is probably dus to dendritic sexregution or coring. Hot working
this cast 55.1 w/o Ni alloy at increasingly higher temperatures shows
conclusively the predominance of the TiKi phase. This confirms the X-ray
diffraction findings given in Figs. b and 5. The extraneous phases, shown
as rounded particles after rolling at 1100°C (2012°F), are Ti2Ni and TiNij.
Observing the 700°C (1292°F) structure revesls the gradual eliminaticn of
the dendritic-type structure. Cold rolling (about 33% thickness reduction)
shown in Fig. 18 tends to give the material a typical fibred structure
with the aligning of the excess phsae particles.

The "as cast" structures of the phases bracketing TiNi, namely
TioN1 and TiNi3 are shown in Figs. 19 and 20. Lover megnifications of
100X were employec t0 reveal the typical cored or dendritic structures,
Since these phaser are incap:bl~ of bo* or cold working, no further
metallographic studies were made.

Fig. 21 shows the result obtained by beating a titanium-rich
TiNi alloy (about 52 w/o Ni) above the solidus temperature line
separating the areas TiNi + 1liquid and TiNi + Ti,Ni. This solidus
temperature is variously reported as 984°C and 1015°C, Observing Fig, 21
it can be seen that the base alloy vas partially fused and islands of the
TiNi phase were gsparated and suspended in a matrix of the TioNi phase,
Identification of the phases was accomplished by microhardness testing.
Ia this experiment whole masses of the predominuntly Ti,Ni phase material
flowed from cracks in the arc-melted button. The original dbuttom did not
‘noticeably shrink with the loas of the Ti-Ni phease,
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5 etic Susceptibili

Susceptibility measurements were made on the 5%.5 and 55.1 w/o
¥i alloys for *wo reasons: First, to detect sy charges irn the magnetic
properties of the material as & tunctiom of test t~wperature and secondly,
to determine the extent and stability of parsmagnetism in thexe alloys of
the TiN! type over a vide temperature range. The data obtained furom these
tests are shown graphically in Fig. 22, Bcth alloys were cooled initially
from room temperature to =196°C {liquid Np) and then heated to temperatures
in excess of ambient. The 54.5 w/c X2 alloy shcwrd almost no change in
®mars susceptibility vith tempersature. The 55.1 w/o Ki alloy showed more
indication of susceptibility change with temperature (particularly between
-150 #nd 200°C). Howevar, veristicms of up to 3 x 1070 may de
attriduted to experimectal error and the susceptipility of both alloys
should be considered temperature independent.

By detinitimm s & "parsmagnetic material" is ome vhich exhibits
e small and positive susceptibility (K) value. Since permeability ()
equals 1 4+ 4 7 K 1t can be seen that the expected permeadility for these
alloys should de very close to unity. Actual permeability messurements
made on variously treated bar specimens of 55.1 w/o Ni alloy corroborated
these findings. The measured / values vere less than 1.0) in every case.

From the above findings it wonld appear that the kmo'm changes
occurring in nhase equilibris with tewperature,(TiNi =5 TuJNi + TiNi3)
discussed earlicr in the report, bave almoat negligible effect on the
magnetic susceptinvility and permeadility. The latter comsideration being
important in possible nom-magnetic sprlicatiomms of these materials.

SUMMARY OF CONSTITUTION STUDIES

Careful observetion of the data obtuini: through the physical property
studies and the unususl experiences encotatered in preparing Xe-ray diffrace
tion s;ecimens, lead the present inveatigzators to thz general. camclusiom
that the Tili phase dows in fact exist at romm temperature (and even below)
but that it csn best be described as a "metastablc” phase. The tara
"metastable” refers to systems %.2at often exict for long periods of tims
in states vhich are not the equilibrivm oncs as defined by lowest free
energy.

The axistence of TilMi in its most phase-pure condition appears to
occur at about 5.5 w/o N1 instead of the calculated stoichiometric 55.06
v/o Wi, It was found virtually impossidle to iri.:*n the iNi phase, as
either TiZoNi or TiNi3, or both, are almost alway: present. This ccn be
seen in tha XK-ray date given in Pigs. 4, 5 and 6 and the photomicrographs
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given in Fig. 18, It is interesting tc rote, in the various parts of

Fig. 6, that the quantity of thege extran. ous phases varies vith tempera-
ture. ‘The damping phenomena, as measured by low frequency internal friction
meagurements and gualitetive high frequency sound tests, confirms this
fiading.

The damping phenomens. as observed in the S4.5 v/o Ni 2llcy appears ic
be most closely associated with the general category of dampiag due to
solute atoms or more specifically, transforzation-type damping. As
indicated by the X-ray diffraction studies, there is a change in phase-
equilidria in this alloy as the temperature is railed from ambient.
Heeting to the 120 through 180°F (49-82°C) range appears to produce a more
phase«pure TiNi structure. This phase purity seems to be further enhanced
¥7 ihe presence of irom up to 0,1 w/o vhich tends to stabilize the TiN{
phase at lower temperature levels. At first it appeared that if a phase
purs TN metsricl evictad the damping capacity would be very low. However,
this idea is contradicted by the poor damping capacity of a 54.8 w/o Wi
alloy and higher Ni alloys st room tesperature, these alloys being far
less TiNi phase pure than the 54.5 w/o Ni-T{ alloy. Based upon these
observations it appears that the demping capacity of the TiNi phase alloys
are drastically affected by the 1iNi phase or impurity phases. This 1is
confirmed by the fact that departing from stoichiozetry om the nickel-rich
side (increasing the presence of TiNi3 phase) produces a lov dsaping
capacity around ambient tewperaturws. Conversely, going to the titanium-
rick side of TiNi (increasing the presence of TioNi phase), causes these
alloys to danmpen vibrations readily -around ambient temperatures.

X-ray diffraction ecans on the 54.5 v/o Ki alloy, at varying iempera-
tures, were able to depict a ckinge iz nhase-equilibria but were unable
to tell vhich phase(s) (posaidly TigNi or TiNi3) was changing in magnitude.
This Xeray diffraction limitation wvas due to the comstructive interference
produced by the reflections from the TioNi and TiNi3, making it virtually
impossible to be certain which of tbe extraneous phases has changed.

TLe major differences that exist in the damping charscteriatics of
the arc-cast and hot vorked alloys, shown in Figs. 7 and 8, may be due in
part to precipitution of extraneous phase(s) with hot work and the added
effacts of grain boundary internal friction.

¥hile investigating the diiference in damping characteristics between
arc-melted and hot worked material, residual caating stresses in the arc-
melted bars were considered as a possidle cause of the differsnce. The
etress-Cependent idsa wvas eliminated by annealing arce-cast hars for pro-
longe?d periods of time at 900°C in an argon atmongn: 2 followved by furnace
-cooling. These siress-relieved bars were testzd and found to posasz:3 toe
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same damping characteristics as the "as cast”™ unrelieved bars.

On tue basis of the torsion pendulum tests supplemcated by X-ray
diffraction, hardness, and electrical resistivity data, it appears that a
major rirtion of the damping phenumena i directly associated with the phase-
equilitria existing in the alloy at a given Teamperature. Other internal
friction mechanisms may contribute to a lesser degree. Jome of thase
wechaniems which may be pertinemt are dissolved interstitisl atoms and
their effect on dislocation movement, and degree of atomic ordering
pregsent in the system - more complete order providing for easier dise-
locaticn movement. Damping has been fouwi by previous investigators te be
inversely proportional to degree of order, the highly ordered materials
being less capable of attenuating wmechanical vidbration.

In sumary, it must be sgreed that the constitution of allocys in the
corposition range of TiNi is not a simple relation 9,21, Thie is
especially true at the lower temperatures, both above and below ambient.

In this temperature range minor variations in teaperature cause proportional
changes in the existing phase-equilibris®l. Some of these phase trans-
formations require a time of relaxation or like most chemical processes are
capable of being expedited by slight increases in temperature.

One important fact uncovered in the present investigatiom was the
conclusive evidence of the e¢xistence of the TiNi phase at room temperature
and below., Some form of externul energy, e.g., working, working plus
heat, tc., is requirad %o cause its dissociation., Why the TiNil-type
alloys undergo a martensitic-like transformation with surface abrasionm,
heat, or buth, and the relationship of tkis with the kinetics of the
TiNZ-~Tighi + TiNi3 dizsociatim reaction remains for further study.

Metastability is common in many important metallurgical systems, e.g.,
quench hardened steel, precipitation hardened non-ferrous alloys and the

-existence of FegC in steels in preference to its diesociation products of

iron and graphite. As with other sy=tems, the thorough understanding of
the dissociation mechanism-and metastability of tbe T4 phase may
possibly lead to the development of irportant engineering alloys.

ENGINEERING PROPERTIES OF TiNi AND TiNi-BASE ALLOYS
Comcurrent with the comstitution investigations of the TINi phage in
the titanium~nickel slloy system was a significant effort to obtain

nechanical property and engineering data; particularly dats that mignt de
related to constitutional changes occurri.g ‘i the TiN1 and TiNi-basec
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muterials., Without further disgcussion thr4e data ara presented below:
1. Herdness

Hardness messurements were made st tempersiures ranging from as low
as about ~103°F (-75°C) up to 1800°F (982°C). For the hardnes: measurements
between -103"F [-75°C) and 212°F (100 C) a modified Rockwell teste- was
exployed. This tester was equipped with an immersion bath for either
heating or cooling the anvil, specimen, and indenter. Rockwell testing
was przferred because of the quickness of the ic:t and the gross indentatioms
wads by the diamond indentor, the latter being important in measuring the
"average" hardness of coarse structures.

Hot hardpess measurements were performed in the proprietary
tester shovn in Fig. 23. This tester uges s diamond pyramid ground
sapphire indenter mounted in & molybdenum holder., Tbe indenter, anvil,
and gpecimen are heated to a given tempersture by radiation from a tungsten
resistor element. The entire test agsembly, including heat shields, is
rounted inside an evacuated wvater-cooled chamber. The average gas pressiwre
during the run is about 5 microns. Through specimen manipulation during
the run, it is possible to make a complete series of hardness measurements
at various temperatures without opening the heating chamber.

Teble IV gives hardness data at room temperature for TiNi, TioNi,
and TiNi3e For these tests the TiNi alloy was of the 55.1 w/o Ni composition,
which was found %0 be slightly nickel-rich. As a result, it can be seen in
Table IV that the room temperaturs hardmcas increeces with an incresse in
rolling texperature. The rapicd cool. from rolling temperatures in excess
of about 900°C, produces this hardening. The actual hardering phencmena
in nickel-rich alloys will be discussed in more detail in a subsequent
section of this report.

Frou the data of Table IV it can slso be seen that while the
TioNi compound alloy is quito hard (53 Re), the TiN3i; compound has a hardness
(34 Rc) more like that of the TiNi alloy. Yet in spite of the much lower
hardness exhibitod by TiNi3 1t 1s similar to the TioNi compound in that it
i brittle even at high hamologous temneratures.

Fig. 2k shows a plot ¢2 hardness as a function of weight percent
nickel, wvith tbe remainder of the alloy being essentially titanium. In
this figure three curves are shown, these represent varying rates of
cooling from a temperature range of 900 to 1050°C (1652 to 1922°F). Certain
interesting facts are revealed by careful obsery:..<1 of the three curves.
First, there is & minimum hardness composition aitein=zd in the Ni-Ti alloys

i
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TABLE TV

HARDNESS DATA FOR TiNi, Ti,Ni, AND TiNi, COMPOSITIONS

Alloy Alloy Hot Rolling '
Composition Melting Temperature Hardness Remarks
TiNj* Button Arc As Cast 30 - 31 R¢
T3Ni Button Arc 6000C 38 Reg Hot rolled
from about
.3" to 1"
some edge
cracking
TiNi Button Arc 7000C 38 Re Hot rolled
from about
o3" to 1"
TiNi Button Arc 9500C 32 « 34 Rey " " v ¥
TiNi Button Arc 1000°C 39 Re BT
TiNi {1 Button Arc 1100°C 39 « 4L Re|® * ¥
Ti,Ni Button Arc As Cast 53 Rp
Ti,Ni Button Arc | 9500C -——- Cracked
" severely
during
initial
pass
through
mill
TiNi, Button Arc As Cast 34 Re
TiNi, Button Arc 1050=C .- LI R
* 55,1 w/o Ni.Ti
46
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at about 54.5 w/o Ni. This made the present investigators suspicious of
the 55.1 w/o Ni-Ti alloy as representing the stoichiometric compositian.
Subsequent X-ray diffraction studies c:afirmed the fact that the arce
melted 54.5 w/o ¥4 alloy gave a more phase-pure TiN{,

Another interesting piece of informaticn cbtained from observing
Fig. 24 is that the alloys of adbout 55 w/o Ni and lower Ni coatent all
yield about the same hardness regardless of the cocling rate. Alloys
containing in excess of 55 w/o Ni produce a considerable hardness
variation with cooling rate. Furnace cooling produces a constan® hardness
in the Ni-T1 slloys containing between 55 and &0 v/o Ni, while water
quenching, snd the rapid air cool from 900°C {iu52°F) rolling tewperature
produces a marked increase in bhardness. This hardness approaches about
82 Re between 60 and 6 w/o Ni.

A possible explanation for the entire hardening behavior may be
obtained by observing the left panel of Fig., 19. In this figure the
homogeneity limits, of the tentative TiNi phase area, are approximateliy
53 and 57 v/o N1 below about 900°C (1652°F). In addition, there exists a
retrograds solubility detween the TiMi end TiNi + '1.‘1313 phase areas in the
tsmperature range from 900°C to 1110°C (1652°F to 2030"F). Based upon this
constitution diagram, little hardness ~hange witb varying cooling rate
would be expected betwveen 53 and 57 w/o Ni., Also, sume composition near
stoichiometry should produce a near perfect TiNi phase. This was found
to exist in the arc-melted button alloys at about 54.5 w/o Ni. An
increase in Ni or T{ atcus by deviating either direction from stoichio-
metry, should produce a solution hardening effect - which actually occurs.
In spite of the narrow composition for miuimum hardness, little difficulty
was encountersd iu meiting wdditional alloys of the 5k.5 w/c Ni composition
and obteining reproducible har Jness icsults.

On the Ni-rich side, 55.1 w/o Ni and higher, it appears that by
cooling rapidly from above about 900°C (1652°F) a 2isproportionate amount
of Ni (probsbly as 7iNi3) remaine intizately mixed as a fine dispersion
in the TiN4 matrix causing & drastic hardeniag of thes2 Ni-rich alloys.
This bardening phenomena is probably only possible because 0i ‘he retro-
grade solid sclubility betwesz the TiNi and T'IN1 + '1‘11!13 phases. Furnace
cooling these same alloys comtaining excess nickel, allows an equilibriw:
coalescence of the TiNi3 in & TiN{ matrix and results in virtually mo
hardness change.
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The existence of the wide gap hetween the "quenched” and "furnace
cooled" curves of Fig. 2k (between ST and 62 w/o Ni), xade the prospect of
"tempering" the quench-hardened ulloys to intermediate hardnesses
interesting. Through a pseudo-tempering heat treatment it was hoped that
a closely controlled hardness would be poseibdle with the associated improve-~
zent 2y properties - particularly toughnous.

These pseudo-tempering studies were performed or the 60 w/o Ni-Ti
alluy. Pirst, suitable spscimens of this alloy were quenched to about 61
Ke and following this they were heated for prolonged periods of time at
tomperatures “rox 600 to 900°C (1112 to 1652°F)., Bach specimen was heated
at a different temperature, followed by a still air cool. Fig. 25 shows
the results of these ireatments. As expected, the G00°C (1112°F) tempering
temperature csused only a minor drop in hardness and leveled off after about
30 minutes at about 58 Re. The T00°C (1292°F) temperaturc produced a
considersble drop in hardress down to about i R, and also leveled off
after about 30 minutes st temperature., The 800°C (1472°F) and 900°C
(1652°F) tempering temperatures produced less hardness drop than vas
experienced at 700°C (1292°F). The unusual behavior of the 800 and 900°C
tempering treatments further pointed up the influence exerted by the retro-
grade solid solubility change discussed earlier. From these date it was
decided that for tempering temperatures in excess of sbout 800°C (L4T2°F)
the rate of cooling was the principal controlling factor in the determination
of the resulting hardness.

This finding vas coufirmed by quemching the same specimens again,
then hrating at various temperature levels for one hour followed by furnace
200)ing. These data are shown in Xig. 26 and compared with the results
obtained b air cooling in still air., KNov it can be seen from Fig. 26
that the tumpsred hardiucss decicases steadily as the treating temperature
is increased. By exploying furnace cooling the controlling factor
inflaencing finwl hardioess hecomes the treating temperature,

Table V gives some data on the effect on hardness produced dy
varying the couling rate. From thess data it csn be seen. that widely
varied: intaruediace hardresses are possible by heating into the rstrograde
solubility temperature range followed by a controlled cooling rate.

At the time of the preparation of this report no data were
available on the relaticnship between the pseudo-tumpered hardness and
other mechanical properties, e.g., impact strength, tensile strength,
elongation, Young's modulus, etc. This study is currentiy being perfurmed
and vill he ranorted later,
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TABLE V

EFFECT OF COOLING RATE ON THE
RESULTING HARDNESS OF 60 w/o Ni.Ti ALLOY

ominal Alloy Thermal Hardness **
Comg37étion Treatment* Ra R¢ (By Conv,)
. - -~
60 Ni - Ti - 1050°C, 20 min, H,0 | 82 61
Quench W
| 60 Ni - Ti 1050°C, 20 min,, Air 76,5 51
Cool
60 Ni - Ti Heated and Cooled in Il 70 39
Stain,St, Block 1-1/2" :
D, x 1-1/2" - 1335°C,
90 min,, cooled in
vermiculite
60 Ni - Ti H,0 Quenched from 1050°C i 71 41
followed by 6509C, 1/2
I hour, furnace cooled

* Specimen:

*%* Hardness data taken from a carefully prepared flat on tha

- 1/2" diameter cylinder about 1/2" long,

side of the cylinder.
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It was decided tc meaaure hardness near ambient temperature afler
the X-ray diffraction investigaticns revealed changes in phase~equllibria
with minor temperature chasges. Tuese missuremente were perfowmed at
temperatures hetween about ~75°C (103°F) and 100°C {212°F) on « modified
Rockwell tester. A summary of the hardness data obiaincd on six specimens,
varying from 50 to 60 w/o ¥i, 1s given in Table VI, Probubly the most
significant part of these dats is the varistion in the values of A Hardnes
given in the bottom row of the table. It conclusively indicates that the
major changes in bardness (and nhase-equiliiuria) are occurring, in this
temperature range, at or near the stoichiometric TiNi composition. In this
same vein Fig. 27 is given to show the hardness hysteresis effects,
particularly at the lover temperatures. <'nise data corroborating the
time-dependent relaxation pienomena revealed in thc 54.5 w/o Ni alloy by
X-ray aiffraction, internal friction, and electrical resistivity measucementsa.

Tn addition to the hardness studies performed at and around rowm
temperature, some effort was devoted to determining hardnegss at temperatures
up to 1800°F (982°C). Using the bardness tester previously described, hot
hardness measurements were made on TioNi, TiNi3 and TiNi, In the case of
the TiNi compound, both the 54,5 and 55.1 w/o Ni alloys, in the furnace
cooled and rapid cooled condition, were studied. The hardness data for
all of the above compound systems are shown in Figs. 28 and 29,

Observing the curves of the TiNi compositions (5.5 and 55.1
v/o Ni) it can be seen that in both cases the rapidly cooled specimens
undervent a well defined secondary hardening phenomena at a temperature
Jlightly below 900°F (482°C), Similarly, the same compositions when
furnace cocled exhibited an alwost continuous hardness decrease with
temperature increcse. As previously mentioned, these secondary hardening
tendencies in the TiNi plass arc believed to be related to the existing
degree of crier (superlattice) or presence of extraneous interstitial
elements or phases based upon these elements. Ventbrqok'h, in his
comprehensive review of the literature o in*ermetalliic compounds, shovs
hardening peaks in NijAl at higher temperatures. These he attributes
to strain aging phencmena. Further, Wustbrook” shows an increased
wagnitude in these peaks in NijAl when the incerstitia: :lements C, O,
and N were introduced. However, the ccmpound Ni3Al is an A3B- type
compared tu the AB type of TINi and there exists many irregular pesks
in the NizAl compared to the smooth, well -defined single peak in TiN{i,
Also, it seems more than coincidence that this well dsfined peak should
correspond so well with otcher physical changes in TiNi, e.g., resistivity,
dilatior, etc. This points strongly to orier-disorder (or short-range to
iong-range) tramsformations as being responsidle for th: hot harduess
behavior in rapidly cooled specimens. Wastbrock™ forad that in the case
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of the AB type coapounds AgMg and NiAl that the hardness of the stoichto-
metrin compound was bharder at very hig» homolugous tewperatures. While
the non-stoichiometri: alloy compositions were barder at the low
homologous temperatures, he reasoned that at low fractions of the melting
peint, deformation proceeded primarily by silv, and any laitice defects
cunstituted impediment to slip. While at the high homologous temperatures
deformation is primarily diffusion controlled and hence a l:ivtice impes-
fection, such as » vacancy defect, zuhances diffusion,

Based upon Westbrook's anolosiesh, it would appear that the
rapidly cooled TiXNi specimens were havdened % .rdering transformatioms.
This is particularly evident since the {100) superlattice line was noted
in all of the room temperzture X-ray diffraction scans, regardless of
prior thermal treatment. Whetber this forbidden (100) reflection, at
amuient temperature, represents large domainsg of short-range order or
long-range order remains in doubt. However, in the rapidly cooled TiNi
specinens scae atomic structural rearrangement appears to occur upon
heating between about 600 to 900°F (316-482°C) tbat has a significant
effect upon the elevated temperature sliy mechanism. FPuwrther confirmation
of the cccurrence of tuis siructural change was established by dilatometric
measurements. A comparison of +». uot hardness and differential ailation
curves are shown in Fig. 30. Very real and significant slope changes esre
present in the dilation curve at a temperature corresponding to the peak
in the rapid cooled hardress curve,

Order-disorder transformation theoryzo indicates that the order
in an AB type alloy comtinuously changes with temperature. Hovever, as
the temperature increases the change beccomes more rapid and finally
becomes extremely fast, perhaps conrummating in a long-range order or
lattice perfection that restricts diffusion and promotes the associated
increase in hardness.

Creep is related to hot hardness in that creep is a form of
thermally activated plastic flow. While herdness (cold or hot) measures
the resistance of 2 material to plastic deformation - usually by
indentation. As a re.ult, the same thermal activation that 1s an essential
factor in creep should proportionally affect hardness measurements.

The hot hardness curves given in Figs. 28 and 29 are important
from the standpoint of indicating the potential elevated temperature
strength and creep properties in the essentislly phase-pure Ni-Ti comwnounds.
By observing these curves it can be seen that the expected creep rate would
be liigh and the load carrying capacity low in TiXi above shout 1200°F
(649°C). TioNi should exhibit excellent elevatui i aperature strength

8
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to 1200°F (649°C) with a rapid decrease zbove this temperatnre. TiNi,
should posgess 8 lower strengtb than Ti N1 jc the lower temperatures, but
its maximum usable strength capabilities seem to extend up in the vicinity
of 1600°F {8T1°C).

Though tbe TiNi3 snd TioNi appesr more uzeful from an elevated
temperature standpoint, their brittleness at all temperatures limits their
usefulness as single-phase structurzl materials. TiNi, on vhe other hand,
does not suffer these same brittleness problems. What then would be the
elevated temperature strengthening effect of introducing one or beth of
thuse drittle phases into a ductile TiNi matris? A particl answer may be
seen in the hot hardness curves given in Fig. 31, In this figure can de
seen the significant hardecing and strengthening effect at elevated
temperatures produced by the addition of an excess of 5 w/o Ni. The
second phase responsible for the persistent Zncreased hardness of the TiNi
matrix is undoubtedly TiNi3. However, again as with the almost phuse-
pure TiNi, the maximum useful temperaturz appears to be 1200°F (649°C).

2, Tensile Propertiess

Tensile properties were measured on both the 54.5 and 55.1 w/o
Ni alloys. In every case a gtandard specimen measurirg 0.252" dismeter
x 1.0" gage length was employed. The actual test sections were finish
lapped ip the longitudina) direction to avoid any possible transverse
notches. In & fewv instances the test sections and radii were electro-
polished to minimize notch effects, No noticeable advantage was obtained
from electropoiishing and this step was eliminated. To avoid oxidizing
the prepared sample surfaces and minimize the pcesible interstitial
element (0, N, H) pickup vacuur or cortrolled atmosphere heat treating
was used, Vacuum-hsat treating was performed in an evacuated quartz tube.

The tensile test results obtained from the two TiNi alloys are
given in Table VII. By observing these data several things hecome apparent.
These are:

a. The ductiiity, as indicated by the percentage elongation, can
g0 a8 high as 15.5%. With the average running more in the 7 to 10% range.
Some of the lower values being produced by sauple failure outside tbe gage
leiugth, For an intermetallic compound, even employing the more flexible
definition {see introduction) tlils is an unusually high room temperature
elongation.

b. The ultimate tensile strength tends to vary be*wcen about
110,000 and 140,000 pei, There appears to dbe litvie sattern to the
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. relationship between heat treatuent, composition, and ultimate tensiie
. strength.

c. The yield strength, on the other hand, varies consiilerably
vith ~omposition and heat treatwent. The 55,1 w/o Ni alloy showing the
greater spread in thic property. This slightly Ni-rich alloy, with its
incréased extraneous phases (particularly TiNi3) exhibits higher yield
astrengths in the rapidly cooied condition,

d. Modulus of elasticity on the average is fairly ccnstant,
regardiess of composition o: heat tremuwucat, at slightly above 1ll. x 10 psi,

e. Little change occurs in the 54.5 w/o Ni alloy when the test
temperature is raised to 185 to 192°F (85 to 89°C).

In general, it appears that the presence of minor quantities of a
second phase(s) serves mainly to increase the yield strength level. How-
ever, more conclusive experizental evidence on the influence of these minor
phases on mechanical properties 1s nseded. Future plans of the present
investigators call for cooling tensile specimens of the 54,5 w/o Ni alloy
to sub-ambient temperatures followed by rapid warming to room temperature
and immediate testing. Through this sub-ambient treatment it will be
possible to dissociate some of the TiNi into TigNi and/or TiNi3 (sec
Fig. 6). Tbe quantity of ihe extraneous phase(s) can be controlled by the

cooling temperature and timce., The long relaxation times at room temperature
for the transformation back to TiINi phase should aliow sufficient tensile
testing time,

3. Impact Properties

For these tests very carefully prepared unnotched square cross-
section burs were used, The specimen surfaces were hand lapped in the
longitudinal direction to minimige transverse scratches. The Charpy impact
tests were performed in a standard Riehle machine. The resulting dat: are
given in Table V1II,

Again, as in the case of the tensile elongation, the present
investigators were pleased with the wuusually high impact strengths az
compared with most intermetallic compounds. For both of the TiN! alloys
the minimum value was 23 ft-lbs even o the undersize specimens (0.296" =3).
In both the 54.5 snd 55.1 w/c ¥i alloys the ijmpact strength was enhanced by
cooling tne specimen to a test temperature of -112°¥ (-80°C) prior to
testing. This is again undoubtedly related. to the change in phase-equilibdria
snd vill require additional investigetic.. ¢ explain the phenowena. From
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Tuble YIII it can also be seen ibat heating to a test tempsrature o 200°F
(93°C) improved the impact strergth only slightly.

k. Recrystallization and Grain Growth

If a metal or alloy is deformed helow its recrystallisation tem-
perature it is said to be "cold worked.” In this couiition the grains are
no longer polygon shaped bui instead are elongated in '¢he directiom of
working. Under a process of "recrystallization” the atoms present in the
material rearrange themselves intc an entirely new get of crystals. This
rearrangenent starts from very small 2ivr'ei which grow until all of the
cold wvorked material is consumed. The resulting process lovers tbe free
energy of the system. When recrystallization is complete and the re-
crystallization temperature is exceedsd some of the new grains further
increase in size at the expense of their neighbors. The driving forcs
behing this phenomena being once sgain a reduction in the free energy of
the systee,

Studies to determine the recrystallization temperature and grain

growtk behavior were undertaken since it was possible to cold work (by
. roiling) the TiNi alloy below its recrystallization temperature. These
studies resulted in the graphical data given in Figs. 32 and 33, Pig 32
shows the effect on hardness of heating cold reduced specimens (».95 to
21.75%) one hour at varicis temperatures. As might be expected the
initial room temperature hardnesses increased proportionally with the
degree of cold reduction. All the specimens in Pig. 32, vith the possidble
excepiion of the 21.75% cold reduced specimen, incressed in hardness with
heating cne hour at 400°C (752°F). Then the harduness of all of the
specimens dropped drastically at about &0°C (1112°F). This sharp bardness
drop indicating the TiNi recrystallization temperature. Metallographic
examination of the same specimens confirmed the 600°C (1112°F) recrystalli-
zation temperature.

Fig. 33 shows the grain growth effects of one hour at two hecting
temperatures, 800°C and 1000°C (1472°F and 1832°F), Normal grain growth
behavior preveils in this alloy in that the grain growth tendency is
greatest in the specimens given the least cold reduction. The inset in
this figure shows a photomicrograph £ a 13.4% cold reduced specimen after
heating st 800°C (1472°F). In many cases much effort was required to
reveal the grain bounderies, as shown in this photomicrograph, by chemical
etching.
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o JNelding

Joining is an extremely importan’ consideration in present day
structural matarials. T¢ have some 1des of the welding capability of the
TiNi material a preliminary welding experiment was performed., This
experiment conaisted of butt welding together tim chamfered 1/8" thick hot
rolled plates of TiNi. Heliarc welding was chosen hecause of the high
titanium conteat of the alloy. A feeder rod of hot swaged TiKi was fed
into the Joint and arc plasme during the welding cperation. ‘the resulting
weld wnd its structure are shown in Fig. 34, Little adifficulty was
cncountered in making the jJoint. The weld section appeared to be free of
cracks and porosity. The fusion zoue of the weil ./as charscteriged, for
the mout part, ty & fine deadritic structure, this being typical of the
cast structure of the alloy. A comparison of the hot wvorked base structurs
and the fine dendritic structure in the transition zone can be seen in the
upper photomicrograpb. The higher magnification photomicrograph, at the
lower left of Fig. 3k, shovs angular and star-shaped particles of cxtraneous
phases. Since their appearance is quite unlike the excess phases (TioNi
and ‘1‘1313) shovn in Pig, 18, it wust be concluded that these are interstitial
phases (based on N, 0, H) formed during welding. Ccantrolled atmosphere
wvelling may be needed to eliminate these from future welds. No mechanical
property tests have been made on the initial test weld. However, based vpom
the properties observed in arc-cast TiNi material; the weld section suouid
be quite strong and tomwh, Cursory exsmination of the magnetic properties
of the weld section indicats that iV is equally as parsmagnetic as the base
pieces. Further vork is planned om iavestigating both the mechsnical and
nagnetic progsrties of 1iNi velds because of the importance in non-magnetic
ordnance applications.

6. Environwerital Atiack

Specimens of the TiNi cuspcsition were exposed to various common
corrosive media and to elevated temperature oxidation attack., In the
forser, preliminary corrosion tests were conducted in salt spray, sea
water, normal air atmosphers, and normal handling. Tbe results of these
teste ara given in Tadble IX, In each case the attack was negliiible and
vnaly 1n the salt spray wests was a perceptible whiiish surface film formed
vhere the specimer was held. The passivity of this alloy to corrosive
attack is further characterised by the difficuity emcountered in finding
suivable etchants to attack the metallographic specimens.

Oxidation tests vere performed in air at &00°C (1112°r), 800°c
(1472°F) and 1000°C (1832°F). The carefully prepared speciwens had Pt .
vires spot-welded to them and this wns shaped into tte form »f a hook.
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CORROSICY PROPERTIES OF THE TiNi (55,1 w/o Ni-Ti) ALLOY

TABLE IX

CORROSIVE MEDIA

RESULTING ATTACK

Salt Spray - 20% soln,,
950F, for 96 hours

Faint whitish surface
deposit on back edge of

specimen
Sea Water - 192 houre | Nil
"~ Normal Air Atmosphére Nil
Normal Handling Nil
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Then the weighed specimena were bung on a ceramic rod over a gtainless steel
catch pan. In this way, it was possible to record the wsigkt gain due to
oxidztion cven 12 the oxide coating epalled off. The results of these tests
are shown in Fig. 35. At 600°C (1112°F) the initial oxide costing was
Tairly thin and adherent and the rate o oxide buildup wes alwost negligible
after the first two hours. At 800°C (14T2°F).some oxide coating spslling
occurred and after the first two hours oxidation proczsaded steadily. At
1000°C (1832°F) the rate of nxidation wes rapid from the beginning and oxide
spalling was profuse.

T. Ternary Alloying

The possibility of strengtbening the TiNi material, through
solution or precipitation strengthening, vas investigated. Tae additicxn
elerents chosen were silicon and aluminum. The effects of varying
additions of these two elements are given in Table X. From this table it
can be seen that the higher additions (4 w/o) produce a considerable
hardening effect. Thisz is probably due to the formation of other inter-
metallic compounds of the aluminide and silicide type. "Solution treating”
vas tried in each case but cnly the 2 w/o 81 -~ TiNi elloy showed any
tendency to respond.

After discovering the hardening effect of aluminum on TiN{i, an
experiment in hard facing was tried. In this experiment pure Al was arc-
melted into the top suxface of a 1iN1 button. The dbutton was cut in half
exposing :he cross-section of the fusion interface. The Al-rich hard
faciug was found to be tco brittle and fragile to study. However, a knoop
bariness traverse vas made near the interface section, This is shown along
vith the microstructure in Fig. 36. Following the hardness indentations
it can be seen that the weld interface iz rathcr sharp, going from 23 R.
to 55 Ree This condition is somewhat undesirable for the intended
spplication. Melting a TiNi + 10 w/o Al alloy on a TiNi button also
resulted in s sharp hardness transition. Zerhaps somz widening of the
interface transition zone could be a:complished by a post-seliing heat
treataent to promote diffusion of the aluminum.

From this experiment another interesting observation is possible.
The TiNi bose material has a hardness of 23 R, which is lower tban the 30
to 35 Re uardness experienced normally iu thia 55.1 w/o Ni allov, Ope
possible axplanatiop for this bebavior may be iraced io a general lowering
of the nickel content in this bordering ars«a. The excess nickel diffusing
to the interface and leaving an alloy cosvorition appreaching 5%.5 w/o N3
vitb its associated lover hardness (See Fig. 2h),

-
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FIG. 35 RATE OF OXIDATION OF TiNi AT OFFERENT TEMPERATURES.
INITIAL WEIGHT OF SPECIMENS, 4v"ROXIMATELY 65 GRAMS,
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TABLE X

HARDNESS DATA OBTAINED ON TiNj.BASE ALLOYS* IN
THE "AS_.CAST" AND f'SOLUTION TREATED" CONDITIONS

Hardness, Rq

e

Charge Composition
Weight, % "Ag Cast" "Solution Treated"
(900°C, 1/2 hr, Water
Quenched)

| TiNL + 2% St 37 27

TiNi + 4% Si 43 43

TiNi + 2% Al 34,5 33

TiNi + 4% Al 55 55

* Hardness of TiNi material (55,1 w/o Ni) around 31 to 34 Re

"R AR R RASER FERY SSEAS A AR a
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TiNi + Al (~55R_)

WELD
INTERFACE

TiNi (~23—Rc )

FIG. 38 PNOTOMICROGRAPH SHOWING THE TiNi BASE MATERIAL (BOTTOM)
WITH AN OVERLAY OF ALUMINUM WELDED ON THZ TOP. NOTE THE
INCREASE IN HARDNESS IN THE FUSED AREA(TiNi+Al).

ALL KNOOP
HARDNESS INDENTATIONS WERE MADE USING 1.0 KG

INDENTER LOAD.
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C.HCLUSIONS

1. Tk TiNi phase has been found to exixt at room temperature.

2, Stoichiometric TiNi composition alloys usually have minor quantities of
the phases TioNi and/or TiNi3 vresent at rcom temperature.

3¢ Alloys which exist as TiNi or predminantly TiINi exhibit ductility and
ixpact resistance at room temperature anu velow.

Ik, The difficulty in obtaining a completely TiNi material indicates the
parrovness of the TiNi homogeneity range at lower temperatures.

5. The mechaaical vibration damping properties of the TiNi alloy (54.5
v/o X1) appeer to be directly related to the TiNi phase purity. High TiNi
pbase purity yields a lov damping claracteristic while the presencs of
minor impurity phase(s) promote high damping.

6. The TiNi phase equilibria, and in turn the damping-to-non-damping
transition temperatures, are affected bty hot working and the presence of
minor quantities of irom., Hot working promotes the farmatiom of minor
impurity phages and results in raising the transition temperature. While
iron, present in quartities up to about 0.09 w/o, tends to stabilize the
TiAN{ phase to lowver temperatures and results in lowering the damping
transition temperature.

7. TiXi alloys, becaus. of thuir fine cast grain size, possess unusual
ductility and toughness even in the arc-cast conditiom.

8. Nickel-rich Ti¥i alloys, containing absut 60 to 62 w/o Ni, are
hardenable by a quenching treatmsent.

3. Slov cooling alloys containing from 55 to 60 w/o ki produces a uniform
hardness of about 35 Re (tbe TiNi matrix hardness).

10, Intermediate hardness leveis, between quenching and slow cooling, are
possible in the nickel-rich alloys by performing pseudo-tempering trcatments
on the quenched materisl.

11. Permeability end susceptibility measurzments show TiNi and nickel-rich

TINi alloys to be parsmagnetic. This low permeability value (< 1.002)
remains unchanged by working, beat treatment .nd substential temperature

75 :
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variation.

12. Hot hardness curves for rapidly cooled TiNi alloys show a "secondary
hardening peak" which seems to be related to an ordering change.

13. Daaed upol biot bardness and oxidation resistance the TINi alloys appear
to be suitabl:s for elevated temperature application up to 120u°¥F {6%9°C).

1, The nickel-rich TiNi alloys (rapidly cooled) have superior hot hardness
in the lower temperalure range.

15, Bused upon both guantitative and qualitative data the corrosion and
abrasion resistance of TiNi alloys is excellent.

POSSIBLE FUTURE WORK ON THE TiNi TYFE ALLOYS

The following itemized list gives in a general way areas which the
present investigators feel should be investigated more thoroughly. This
1ist includes:

1. Additional comprehensive study into the kinetics of the phase
transformations, particularly the TiNi =z Ti Ni + 'mu3 at temperatures
around ambient,

2, Investigate thoroughly the mechanism of the TiNi dissociation into
Tighi and TiNi3 duwring polishing and/or decp etching., A possible experi-
mental spproach migit be internal friction studies on variously polished
and etched wire specimens,

3. -High temperature X-ray diffraction studies on TiNi-type alloys,
room temperature up to about 1100°C (2012°F), to understand better the
phase-equilibria end order-disorder transformations at the higher tempera-
tures.,

4y Also study order-dizordes transfurmations as a function of
temperature by using the specific heat method given Yy Lipsonao. The
range of partisular interest being around 800 to 900°F (427 to 482°C),

5. Investigate furthsr into & possible transpiration-~-type cooling
wvliich may be produced by tha partial fusion of Ti.rich TiNi alloys.

6. Completely determine the mechanical prepert’es of tie €0 N1 -
k0 T1 alloy after quench-hardening and after varicus seudc-tempering
treatmente.
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T. Determine the hardenability factor for quench-hardened &0 Ni -
hO T1 slloy. Sectiomed large quer:bed rounds 2ppear to be the simplest
method of getting quantitative data on tais parameter,

8. Comduct furthar studies into tiis erfects of alloying ejements
vhen added to the TiNi composition alloy.

9, Study the effects of the extraneoue phaie(s) of TioNi and/or
TiNi3 on the mecbanicsl proverties of the TiNi alloy. This can he
sccompliished by cooling TiNi (5&.5 w/'o Ni) tensile specimens below ambicat
temperature, even as low as ~196°C (Liguid ¥), warm quickly to room tem-
perature and measure the tensile properties. Monitor precipitated
extraneous phases by X-ray diffraction (see Fig,©).

10, Investigate carefully controlled TiNi welded sections to dstermine
the mechanical and magnetic properties attained in the weld and surrounding
areas.

11. Continue studies into the corrosion resistance of TiNi-type alloys
to common corroding medis.

Some of ths above suggested investigations on the TiNi-type alloys are
currently being performed at the U. 5, Naval Crdnance Laboratory and will
be subsequently reported.

POSSIBLE APPLICATICNS

The predominantly TiNi phoie material and the TiNi-base alloys
(containing up to ahout 7 w/o excess Ni) possess many desirable inherent
properties. Based upon these properties and characteristics, Table XI
gives a list of pocsible applications as a function of some of the properties
required,

17
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AFPPFNDIX

I. Xoray Diffraction Techniques

1. Roum Temperature Studies

Fifteen gram alloy buttons approximately one-inch in diameter,
nelted and prepared as stated in Section II of Appendix, were used in thege
investigations. X.ray reflections werc obtained from the prepared flat
arc-cast bottoms of the buttons. For this investigation elloy buttons
containing from 50 to €0 w/o Ni remaindér Ti weve used. In each case the
prepared specimen wvas placed dircctly in the ssmple holder with the flat
side up and at the center of the diffractometer focusing circle. A
diffractometer scan <as made from 10° to 50° (20) using Mo K. radistion
to determine which pbase or phases (TiNi, TioNi or TiNi3) were present.
Based unon the peak height of the strongest lines, as measured dy a Krypton
Geiger tubc, a fairly accurate gquantitative determination of the smounts
of each phas: could be made. The measured vhase quantity alsc took into
accovnt the preferred ori nmtatic.. present in the cast specimens.

Samples which had Tili phase present vere furthker studied to
determine the lattice parameter of thin phare and ascertain the effects
of excess Ni or Ti on the lattice parsmeter. It was hoped through a study
of this type to establish the boundarics of the TINL phase regicn, T this
end each significant peak was scanned at a alov spesd us..ug Fe K o radiation
(to displace pesks toward higher 20 angles) and a lattice parsmeter
determnined for each peak. The average of these lattice parameters for each
sample, or a value oblained by extrapclating (sin2 0 to 0= 90°) war plotted
against weight percent Ni,

The lattice parameter -obtvained for TiNi of 3,015 R sgrecd with

previous investigators. However, scatter in the lattice parameter data for
non-stojchiometric alloys, rich in Ti or Xi, made nrecise location of the
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TiNi phase boundaries wacertalin. As & result, these data were not included
in this report, Other metallurgical inveastigations, e.g., metallography,
internal friction, hardness, etc., reported in this report show the nata~
stable nature of the TiNi phase and help to show why the lattice parameier
data could not veveal the precise TiINi phase tounderies.

2, Studies Above and Below Room Temperature

The ssme equipment was used Zor tbis investigation that was used
for the room temperature studies. This included a stundard Norelco
diffraction unit equipped with a Krynton Geiger tnbe and molybdenum X-ray
tube, Molybdenum K o rediation was used throughout these giudies.

A special sample holder was conastructed of copper through which
the heating or cooling medium (1liguid or ges) cculd be pumped. This holder
vas attached to the diffractometer in the same manner as the standard flat
Norelco sample holder. A hole was milled in the radistion shield for the
inlet and outlet tubing which conducts the temperature controlling medium.

The sample, as before; was a 15 gram arc-melted button of the
54,5 w/o Ni composition. This button was ground to a width of 3/4 inches
and a thickness about 0.200 irches making it possible for ihe specimen to
fit the copper sample holder and place the specimen surface at the center
of the focusing clrcle. Finally, s thermocouple was placed in contact with
the sample surface at a point out of the X-ray beam. With this thermo-
couple, specimen temperatures were monitored throughout the runs,

In runningz at temperatures up to about 85°C no problems were
encountered. Heatcd water, at a congiant temperuture, was used as the
heatiyg medium, Ccoling down to 3°C was accomplished by circulating ice
vater through the systom, Temperatures below about 3°C were nroduced by
circulating alcohol cooled by dry ice or nitrogen gas cooled by liquid
nitrogen. In addition, for all runs made below ruom temperature dry pre-
cooled nitrogen gas was directed over the sample surface to prevent either
wmoistuve or frost from forming. Using “he ahove resesrch s¢.up the
diffractometer scans ohown in Fig., 6 were accomplished.

II. Alloy Melti_ngand Sample Preparstion

In order to inveatigate fully the titanium-nickel intermetallic
compounds of TiNi, TioNi and TINi3, suitable alloys of closely controlled

chemical composition and homogenelty had to be prepared. In view of he high

titanium content, =rc-melting in a water-cooled copper hearth or crucible
vas the most suitable method. This meiting tzchn”suvs, empioyed by other
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i:westigutorala to prepare ailoye Teor constitution studies, was Tuund to
produce inhomogeneities, Howev.r, in this Investigatios care was tsken to
produce chemicaliy homogeneous melts by melting small specimens (usually
buttons between i5 and 90 grm), using sufficient power to maintain slmost
the _atire butitoa moiten, and multiple nelting of each specimen.

Fmploying the ar--melting furnace shown in Fig. 37, the titanium-nicke)
alloys around the TiNi compousition, src-melted without uifficulty. Losses,
due to vaporization of the component metals, were found by checking weight
t0 be negligible. All X-ray diffraction samples, for constitution studies,
were made gmall {about 15 yram buttons} to insure chemical howogeneity.
When larger melts were required for mechanical property specimens, these
were produced in a two-step process. First, well mixed buttons of the
desired composition were theroughly melted and 2lloyed by non-consumable
arc-melting. These buttons were then urc-cut into smaller segments ana
charged a Tew at a time to a water-cooled copper crucible measuring about
2 1/2" in dismeter x 2 1/2" deep. The charged segments of button melts
were then non-consumably melted. Following this, new segments were charged
and completely fused into the previously melted portion of the ingot. In
this manner it was possible ti produce a monolithic ingot weighing about
1 1/2 pounds vhich was homogeneous in composition and frze of any seams.
The upper left photomicrograph of Fig. 18 shows a typical TiNi arc-cast
material, wbile Figs. 19 and 20 show the arc-cast TioNi and TiINi3 structure:
respectively,

As was mentioned earlier in the report, the TiNi and TiNi-bamse alloy
compositions in most cages were found to be sufficiently ductile to be
capable ct being hot and cold worked directly from the arc-cast structure.
As a result, almost (11 spscimens employed in this investigation were arc~
cast, bot rolled or hot swaged between 700°C and 1050°C, cold rolled where
necessary at room temperature, machined and ground to final specimen
dimensions. Fig. 18 shows effects upon an "as cast" 55.1 w/o Ni ailoy
vhen rolled hot and cold. Hot rolling at 700°C, which is about 100°C
above the racrystallization temperature (see Fig. 32) has the effec’ of
eliminating the cast dendritic structure vlhile promcting the coalascence
of particlea of a second phase. Hnt rclling at 1100°C, which is near the
solidus temperature for this alloy compusition, causes the completc
elinination of the déndritic structure and coalesces the second phase
particles in a fairly unifora distribution. X-ray diffraction studies
confirm the existence of the gecond phase(s) in an alloy of this compositior
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Alloys close to the stoichiometric TiNi composition (52 to 56 w/c¢ ¥i)
hot worked resdily between zbout 720 to 1050°C., Slightiy lower rolling
texperatures were requirad for the titanium rich alloys {52 to 54 w/o Ni)
because of the lower solidus tempersture for these alloys. When the nickel
content is increascd in excess of 57 w/'c. unot working problems arice. As
mentioned previously, there exists a retro-grede solid solubility change
between the TINY phsse area and the TiNi + T1N5.3 two-piiase area beiween 900°C
end the solidus line, which occurs at about 1115°C., 4s a result, Ni-Ti alloys
conteining ahout 57 w/o or more Ni, heated above 900°C, undergo changes in
the quantity of the existing phases. This change in the quantity of TiNi
and TiNi3 is dependent upon the heating .z.persture. Hot rolling invostiga-
tions were performed oh 57 and 60 w/o Ni alloys under various conditions,
taking into consideraticn the above solid solubility changes. The recults
of these investigations are shown in Figs. 38 and 39. It can be seen from
thege figures that the bLest resulits were obtained cither by rolling at
900°C or precipitating from snlution the excess nickel, probably as T1N13 ’
prior to rolling at 850°C., In the latier case the excess TiNi3 probably vas
precipitated as innocuous particles in a TiNi matrix. Though this TiN{
matrix is omn the nickel-rich side it still permits hot deformation. In the
case of the 60 Wi - 4O T1 alloy most cracking occurs during the initial
passes through the mill, Tois problem may in part be eliminated in the
future by breaking down the arc-cast structure by hot extrusion.

Following hot rolling it was found that the principally TiNi alloys
could be cold rolled at room temperature. The bottom right photaaicro-
graph of Fig, 18 shows the typical rolling texture obtained by rolling
TiNi below toe recrystallizatiop teamperature.

The various specim.ns emplnyed in the physical, mechbanical, and
cexstituticon studies were alloyed, cast, hot and cold worked as stated
above, In the case of the X-ray specimins, these were prepared as 15 to
20 gram duttons to provide chemical homogeneity. The bottom sides of these
arc-meited buitons were ground and diamond abrasive polished. Most of the
X-ray samples were satigfactory "as rolished" or after being given a 1lsht
etch. Heavy etching with the HNO3 + HF solviion causei a partial
dissociation cf the TiNi phase into TioNi and TiNi3. This is explained
more ccampletely in the X.ray aiffraction secticn of this report.

Initially, the TiNi and TiNi-base alloys were difficult to machine
by conventional techniques. This was found to be due to the high hardnesz
(29 to 35 R,) coupled with the rapid work hardening of the machined surfaces.
Figs. 2 and 3 show the martensite-like layer that is formed during polishing.
With continued machining studies it was found that turning and milling could
be accomplished Ly erploying sharp cardbide i -sls. During machining carc

8

n




B v o X W = = ? %ﬁ 3 = .E. f.n s i “*."FET b - i f}
3 fnzzwm‘ Y, bgﬁ' e Eir TTENSEERT :.?«;’*F‘?. ﬁ?? g".ﬁf i - 3 W = W—' Il = 2
gk LB (v')u"‘-"“}:'-‘ S 7}9 S S ™ =] v *r '

i ! N !

NULTR 6175

Arc Cast Buttonc, 57 Fi-T1
(Hardness = 'S5 Re)

Hot Rolled at 700°C
Crackad Seversly {43 R;)

|
Hot Rolled at 850°C, Following
Heat Treatment of: 1050°C, 15
minc’ F.C, to 850°C, 2 hrs., r.C,

Hot Rolled at, 850°C, following |
Heet Treatment of: 850°C, 2
hrs., Furnace Cool

!
(Hot Rolled at 900°C|

!
Hot Rolled at 1075°C
Cracked Severely

Very Slight Edge Cracking
Occurred During Hot Rolling
(51 - 53 R¢)

Heat Treated Hot Rolled Plate

1050°C, 15 min., 105¢°C, 15 min.,
Ho0 Guench Furnace Cool
(Hardness = 53 R.;)*"l (Herdness = W4 R, )*

b+

Recults from heat treatment of hot rolled plate less
predctable than the 60 Ni-Ti alloy. Audible clicking
poise from this alloy whan major load is applied to
hardness indenter,

Figure 38. Hot Rolling Studies to Determine Hot Working
Characteristics of Arc-Helted 57 w/o Ni-T. Alloy
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Arc Cest Buttons; 40 Ni-Ti
: (Hz-dness = 59 R.)

Hc!. Roli=d at 700°C
Cracked Severely (43 Re) —_

Hot Rolled at 850°C, Following
Heat Treatment of: 1050°C, 15
min., F.C. to 850°C, 2 hrs, F.C.

~ -

lict Rolled at 850°C; following

Heat Treatweat of: 850°C; 2
hrs., Furnace Cool

Hot Rolled at 900°C |

\
Hot Rolled at 1075°C
Cracked Severely

\

- Buttons Cracked Slightly
During Hot Rollingh
(51 - 53 Rq) ’—l
Heat Treated Hot Rolled Plate
1050°C, 15 min., 1050°2, 15 min,,
1i20 Quench Furnace Cool
(Haruness = &2 Rg) (Hardness = 33 R,)

* Most of cracking occwrring during
initial passes through mill

Figure 39, Hot Roliing Studies to Determine Hot Working Characteristics
of Arc-Melted 60 w/o Ni-T4 Allcy
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nuet be exercised to avold “glazing” the surface with a dull tool. If these
locsl work-hardened areas form on the machined surface serious machinieg
probiems are encountered during the following cuts.

Sawing, using s tool steel saw blade, wa:z very wisatisfactory. The
cut surfaca work~hardened almost immediately preventing further cutting.
Cutting the TiNi alloy into segments was accomplished by using n o u-
bonded cut-off wheel and & copious sunply of water coolant. The cut
surfaces were froe of any apparent heel checks.

Grinding surfacss of X-ray and mechanlcs) teqt specimens wus periormed
without incident. Vater cooling was used during grinding. In the cuse of
the mechanical tert specimens the ground surfaces were finish lapped
resdlly to a mirror-like finish,

Wire drawizg was accomplisbed on the 54.5 and 55.1 w/o Ni alloys.
The starter material for wire drawing was a hot swaged rod about 0.11%
inches in diameter. Any oxide surface coating was removed by sanding with
emery cloth. The wire war annealed betwezen dlameters of 0,115 and 0.035
inches, following each die pass, by passing an electric current through (he
wire until a dull red heat was obtaired. Thisz annealing was esgential
because of the rapid rate of work hardening in these alloys. From 0.035
to smaller diameters two passes were made before annealing was required.
A thick soap golution was used as a die lubricant.

III. Electrical Resistivity Measurements

1. Near Room Temperature

The samples employed for measuring electrical resistivity in this
report vere, in every case, hot rolled and z1lit strips about 0.010" thick
x 0.125" to 0.186" wide x about 5.5" (~ 14 cm) long. The surfaces > the
specimens were carefully prepared to provide the optimm electrical contact.
The potential leads were fastened by pressurs at a distance of 10 cm apart.
The current leads were similarly fastened tc the strip cutside the potentiai
leads. A small current of about 7 milliexps was pacsed through the specimen
for short durations to prevent resistence heating cf the specimen.

Resistivity wan measured by using a stazdard method which in-
corporated & highly sensitive type K3 potentiometer into the measuring
circuit. The high sensitivity of this potentiometer was needed in order
to measure the 3mall resistivity changes experienced with small temperature
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veriations, The actual resistivilr was calivulated from the equation:

w RA
. e~

where (0 = elesdrical resistivity, chmecm

R = electrical resistance between potential 1233z, ohms
A = cross-sectional area of specimen, cm2
A =~ distance between potential leads, cm

The test temperature was carefully monitored by appropriate
chromel-alumel thermocouples., To induce temperatures hLelcow room tewporatusrs
th> entire device, including semple and holder, was placed in a refrigerstor.
Constani temperature, around the level desired, was attained in the sample
prior t¢ measuring the voltage drop. The same system was applied to measurs-
ments made glightly avove room temperature (up to about 210°F)., In the
latter case a controlled low temperature oven was used &3 a heat source.
Again, as in the cub-arbient temperature measurements, the strip specimen
vas allowed to atabilize at a given temperature prior to making any voltage
drop readings.

For these studies; whers the temperature varied between about
~T70°F and 210°F, no effort was made to contrcl the testing atmosphere.
Thus the atmosphere uged was an air atmosphere with naturally varying
husidity.

2, Elevated Temperature Measurements

Electrical resistivity measurements were made at elevated tcupera-
tures up tc 500°C by placing the strip specimens s with spot~welded current
and potential leads, in a controlled atmosphere system. The overall gystem
consisted of = long auartz tube sealed on onz end and fitted on the other
end with a vacum-tigit brass header, The brass heasder contained 4he
vacuum tight electrical connections and suitable valves for cvacuating tle
tube and header snd reintroducing dry uelium or argon gas. After
evacuating the flushing with the inert gas several times the tube and
header are filled with the inert gas and the gas was made to flow at a very
1low rate through tine chamber during the run,

The actual voltage-drop measurements were made on the saxe X-3
potentiomater and circuitry as employed . "he lower temperature studies.
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Spot welding was required in order tu fasten the platimum current and
potential ieads onto the specimen and maintain them in close contac?t with
the specimen up to 900°C, The resulting TiNi-Pt couple produced voltages
et various temperatures that nad to he considered in the measurement of the
actusi voliage-drop ol the specimer., An exsmple of the mognitude of this
genecated EMF as a function of test temperature for a TiNi-Pt couple can be
seen in Fig, 40. Table III shows the TiNi-Pt couple compoasations employed
to obtain the actusl voltage-drcp in a 55.1 w/o Ni alloy strip at verious
temperatures.
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